This study detailed the effects of 1-methylcyclopropene (1-MCP) on ripening and fruit quality in red-fleshed kiwifruit (Actinidia chinensis) stored at 0 or 10°C for 20 days, and 20°C for 13 days. The quality of the fruit was assessed by measuring ethylene production, respiration rate, weight loss, firmness, flesh color, soluble solids content (SSC), and titratable acidity (TA), along with a sensory evaluation. Compared to untreated kiwifruit, fruit treated with 1 µL·L -¹ 1-MCP for 24h at 20°C prior to storage showed a delay in ripening and maintained fruit quality during storage. Ethylene production and respiration rate were affected by 1-MCP treatment only in fruit stored at 20°C, where the values were markedly higher compared to kiwifruit stored at 0 and 10°C. 1-MCP treatment resulted in a clear reduction in weight loss due to a delay in fruit ripening. The firmness of kiwifruit stored at 10 and 20°C decreased significantly compared to fruit stored at 0°C, but 1-MCP treatment led to a reduction in this loss. Upon storage, SSC increased while TA decreased across all treatments. Sensory evaluation scores increased with decreasing firmness and acidity and increasing SSC. The shelf life of kiwifruit stored at 0°C was extended without any chilling injury or color changes. In summary, the results show that 1-MCP treatment can potentially maintain quality and delay ripening of red-fleshed kiwifruit stored at all storage temperatures. 
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columns were an active alumina packed column (2M × 1/8″ × 2.0 mm) for ethylene and an active carbon packed column (2 M × 1/8″ × 2.0 mm) for CO 2 . GC analysis conditions were as follows: the temperature of the injector, oven, and detector were 150, 80, and 200°C, respectively. Flow rate was 60 mL He/min. Ethylene production and respiration rate were expressed as μL·kg -1 ·h -1 and mL·kg -1 ·h -1 , respectively.
Weight Loss
Weight loss was evaluated by measuring the difference in fruit weight on the initial day of the experiment and at each sampling point. Each fruit was weighed using a compact balance (CB-3000, A&D Co., Korea). Results were converted into percentages with the equation: %WL = [(W i -W f ) / W i ] × 100, where %WL = percentage weight loss, W i = initial fruit weight in grams, and W f = final fruit weight in grams, at the indicated time point.
Firmness of Fruit Flesh
The firmness of the fruit flesh was measured using a texture analyzer (TA plus, Lloyd Instruments Ltd., UK) with a 5 mmdiameter probe on two opposite sides (cheeks) of each fruit after skin removal. Means were calculated and expressed in Newtons (N).
Flesh Color
Fruit color was measured at two opposite sides of each fruit with a portable CR-400 colorimeter (Konica Minolta CR-400, Konica Minolta Sensing Inc., Japan). Color changes were quantified in the L*, a*, and b* color space (CIELab) . The L* refers to the lightness, ranging from black (0) to white (100); a* indicates greenness (-) to redness (+); and b* indicates blueness (-) to yellowness (+).
Soluble Solids Content (SSC) and Titratable Acidity (TA)
Peeled fruit were homogenized and filtered through cheesecloth in order to obtain a clear homogenate for the determination of TA and SSC. SSC was measured and expressed as degrees Brix (°Brix) using a digital refractometer (RA520, Kyoto Electronic, Japan). TA was measured by diluting 5 mL of homogenate to 20 mL with distilled water, and then titrating with 0.1 N sodium hydroxide (NaOH) to an end point of pH 8.2. Results are expressed as percent malic acid.
Sensory Evaluation
Sensory quality was evaluated by a subjective test of appearance and taste (softness, sourness, and juiciness) with ratings of +++ = high, ++ = medium, + = low, and -= none.
Statistical Analysis
The experiments were designed to be completely randomized. Data were expressed as means ± standard error of mean (S.E.M.) with 3 or 5 fruit per treatment. Statistical comparisons were performed via one-way analysis of variance (ANOVA) followed by Duncan's multiple range test. P-values less than 0.05 were considered significant.
Results

Ethylene Production and Respiration Rates
Ethylene production in red-fleshed kiwifruit stored at 0 and 10°C was not significantly affected by 1-MCP treatment, with averages of 0.19±0.1 μL·kg -1 ·h -1 at 0°C and 0.27±0.2 μL·kg -1 ·h -1 at 10°C (Fig. 1A) . At 20°C, treated and untreated kiwifruit displayed a slight increase in ethylene production at six days of storage. Afterwards, at 13 days of storage, ethylene production of untreated kiwifruit increased significantly to 16.7±2.7 μL·kg -1 ·h -1
, much higher than the treated fruit at 2.0±0.5 μL·kg -1 ·h -1 (p < 0.05) (Fig. 1A ).
There was no statistically significant difference in the respiration rate of treated and untreated kiwifruit stored at 0 and 10°C (p > 0.05) (Fig. 1B) . However, the respiration rate of kiwifruit stored at 20°C was higher than that of fruit stored at lower (Fig. 1B) . had a significant increase compared to treated kiwifruit (4.0±0.4%). Meanwhile, untreated kiwifruit stored at 20°C clearly showed a higher rate of weight loss (2.6±0.4%) compared to treated fruit (1.7±0.0%) after 13 days of storage.
Firmness of Fruit Flesh
The firmness of treated and untreated red-fleshed kiwifruit decreased during storage at all temperatures, but untreated fruit were softer than treated fruit. The firmness of fruit stored at 10 and 20°C decreased significantly more than fruit stored at 0°C
( (Fig. 3) .
Flesh Color
Changes in the flesh color of red-fleshed kiwifruit were monitored by measuring L*, a*, and b* values (Fig. 4) . All storage temperatures showed a similar pattern through the duration of the experiment. In fruit stored at 10 and 20°C, treated kiwifruit had slightly higher L* and b* values and lower a* value than untreated controls. However, there were no significant differences between treated and untreated fruit at 0°C (p > 0.05). These results indicate that 1-MCP treatment substantially retards the ripening process and delays color changes compared to untreated fruit. As shown in Fig. 5 , 1-MCP treated and untreated kiwifruit stored at 0°C showed no changes in flesh color over 20 days of storage (Fig. 5A) . In contrast, untreated kiwifruit ripened and showed color changes after 13 days at 10°C and 4 days at 20°C, while treated kiwifruit showed a clear delay in changes in flesh color and ripening until 20 and 6 days, respectively. (Fig. 5B and 5C ). The SSC in treated fruit was significantly lower than untreated fruit stored at 20°C, whereas SSC did not show significant differences at 0 and 10°C (Fig. 6 ). At 0°C, the SSC of treated and untreated kiwifruit insignificantly increased from 11.5±0.9 to 13.0±1.5 °Brix and from 10.4±1.0 to 13.0±1.5 °Brix after 20 days of storage, respectively (p > 0.05). At 10°C, the SSC of 1-MCPtreated and untreated kiwifruit also increased from 10.0±1.4 to 15.7±0.9 °Brix and from 11.8±1.5 to 16.7±1.3 °Brix with storage time, respectively. Meanwhile, at 20°C, the treated fruit clearly had lower SSC than the untreated fruit from the first day through the last day of storage, 9.3±1.2 to 14.5±1.8°Brix for treated fruit and 11.7±1.0 to 16.9±0.4°Brix for untreated fruit (Fig. 6 ).
In contrast, the TA of red-fleshed kiwifruit gradually decreased from the first day to the end of the experiment across all temperatures. The TA was also higher in treated fruit than in untreated fruit (Fig. 7) . No significant differences in TA were observed between treated and untreated kiwifruit stored at 0 and 10°C, while treated kiwifruit stored at 20°C had a significantly higher TA than untreated fruit, ranging from 1.3±0.2% on the first day to 1.2±0.2% after 13 days of storage for treated fruit and from 1.1±0.2% to 0.7±0.2% for untreated fruit (Fig. 7) . 
Sensory Evaluation
Cold storage had a measurable effect on the quality of the fruit. The results show that 1-MCP-treated fruit were harder, sourer, and less juicy than untreated fruit, especially for fruit stored at 20°C. This suggests that 1-MCP treatment could delay softening and sourness in fruit stored at all temperatures. However, the 1-MCP treatment did not affect the juiciness of the fruit, except for fruit stored at 20°C which were less juicy (Fig. 8) .
Discussion
Ethylene production in kiwifruit increases towards the end of ripening due to the climacteric stage (Pratt and Reid, 1974) . This pattern was observed in untreated red-fleshed kiwifruit stored at 20°C, which showed an increase in ethylene production after ripening. The fruit produced lower levels of ethylene until the initiation of the ripening, at which point ethylene production progressively increased to the climacteric peak before senescence (Wills et al., 2007) . However, ethylene production and respiration rate in kiwifruit are temperature-sensitive. Kiwifruit differs from other climacteric fruits in that they show no increase in ethylene production or respiration rate during cold storage. The fruit shows a typical climacteric rise in respiration rate and ethylene production at temperatures between 17-34°C while at temperatures lower than 11-14.5°C they behave as nonclimacteric fruit (Sfakiotakis et al., 2001 ). Similar to previous reports (Kim et al., 2001; Koukounaras and Sfakiotakis, 2007; Park et al., 2015) , 1-MCP application reduced respiration and ethylene production in kiwifruit stored at 20°C, with only minor differences observed after treatment in fruit stored at 0°C. In addition, the respiration rate also influences the loss of weight due to carbon losses; however, the major factor for weight loss is the loss of water vapor. Weight loss is an important contributor to the maintenance of fruit quality during postharvest storage (Brackmann et al., 2014; Lebibet et al., 1995) . The weight of the fruit progressively declined during postharvest storage across all temperatures, but the lower temperature showed less weight loss than the higher temperature. In this study, 1-MCP application delayed weight loss in fruit stored at 20°C, similar to its reported effect in green-fleshed kiwifruit 'Allison' (Jhalegar et al., 2011) .
Loss of texture is one of the main factors limiting quality and the postharvest shelf life of kiwifruit. Korsak and Park (2010) demonstrated that kiwifruits produce little amount of ethylene at harvest, but they are very sensitive to postharvest ethylene treatment. The ripening of kiwifruit is also induced by a very low concentration of exogenous ethylene. For that reason, it is important to delay flesh softening by controlling ethylene. In this study, 1-MCP treatment effectively delayed the rate of fruit (Cantin et al., 2011; Çelikel et al., 2010; Deng et al., 2015; Koukounaras and Sfakiotakis, 2007; Lim et al., 2016; Park et al., 2015; Sharma et al., 2012) . However, although firmness was maintained by 1-MCP treatment during cold storage, treatment did not perfectly prevent fruit softening after storage and treated fruit had a lower consumer acceptance due to reduced fruit quality compared to untreated fruit (Cantin et al., 2011; Deng et al., 2015) .
The application of 1-MCP was very effective in delaying fruit ripening and senescence, especially at higher storage temperatures above 10°C. According to the study of Boquete et al. (2004) , ripening of green-fleshed 'Hayward' kiwifruit treated with 1-MCP after cold storage was significantly delayed due to low ethylene production as well as the inhibition of enzyme activity necessary for cell wall degradation. Furthermore, 1-MCP treatment resulted in down-regulation of AcACO, AcACS, and AcLOX, genes which are associated with ripening or senescence in fruits (Schröder and Atkinson, 2006) . It was also noted that 1-MCP extended the cold storage time of fruit by minimizing softening and nutritional losses (Lim et al., 2016) .
As shown in this study, 1-MCP treatment also influenced both SSC and TA of red-fleshed kiwifruit. The fruit reached full ripeness when the SSC level increased to 15 °Brix. This study demonstrates that application of 1-MCP could delay the increase of SSC and decrease acidity. Fruit treated with 1-MCP had lower SSC and higher TA than untreated fruit during storage at all temperatures, similar to previous studies on 'Hayward' (Koukounaras and Sfakiotakis, 2007) and 'Allison' kiwifruit (Sharma et al., 2012) . In contrast, Deng et al. (2015) reported that 1-MCP had no significant effect on green-fleshed 'Qinmei' kiwifruit after storage at 0°C. These different results may be due differences in the cultivars. Fruit stored at lower temperatures also had lower SSC and higher TA than fruit stored at higher temperatures. ripening. An increase in SSC corresponds to a conversion of starch to soluble sugars, which are a key component underlying consumer preference of kiwifruit, as the flavor of kiwifruit is based on a sugar-acid balance. Also worth noting is that consumer preference for ripe kiwifruit corresponds to SSC ranging from 13 to 16 °Brix. However, at low SSC, consumer acceptance is dependent on the acidity; lower SSC fruit is more acceptable if the acidity is also low (Crisosto and Crisosto, 2001 ).
In summary, this study supports and validates previous research on the beneficial effects of 1-MCP application in delaying ripening and postharvest quality loss of red-fleshed kiwifruit, and can extend its storage life. 
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